Abstract: Based on the structure of naturally produced cantharidin, different arylamine groups were linked to the norcantharidin scaffold to provide thirty six compounds. Their structures were confirmed by melting point, 1 H-NMR, 13 C-NMR and HRMS-ESI studies. These synthetic compounds were tested as fungistatic agents against eight phytopathogenic fungi using the mycelium growth rate method. Of these thirty six derivatives, seven displayed stronger antifungal activity than did norcantharidin, seven showed higher activity than did cantharidin and three exhibited more significant activity than that of thiabendazole. In particular, 3-(3 1 -chloro-phenyl)carbamoyl norcantharidate II-8 showed the most significant fungicidal activity against Sclerotinia fructigena and S. sclerotiorum, with IC 50 values of 0.88 and 0.97 µg/mL, respectively. The preliminary structure-activity relationship data of these compounds revealed that: (1) the benzene ring is critical for the improvement of the spectrum of antifungal activity (3-phenylcarbamoyl norcantharidate II-1 vs norcantharidin and cantharidin); (2) among the three sites, including the C-2 1 , C-3 1 and C-4 1 positions of the phenyl ring, the presence of a halogen atom at the C-3 1 position of the benzene ring caused the most significant increase in antifungal activity; (3) compounds with strongly electron-drawing or electron-donating groups substitutions were found to have a poor antifungal activity; and (4) compared with fluorine, bromine and iodine, chlorine substituted at the C-3 1 position of the benzene ring most greatly promoted fungistatic activity. Thus, compound II-8 has emerged as new lead structure for the development of new fungicides.
Introduction
Fungal pathogens are the primary causes of both plant diseases and postharvest losses [1, 2] , and thus contribute to severe damage to global crop production [3] . To guard against fungal pathogens, one traditional approach is to employ synthetic fungicides, which are both economical and efficient, and have played an indispensable role in nourishing more people throughout human history. Unfortunately, drug resistance, environmental hazards and many other drawbacks have emerged along with this fungicide utilization [4, 5] . This requires that novel antifungal agents continue to be discovered. It is well-known that insect secondary metabolites result from their adaptation to the environments during the long period of evolution in insects, such as for defense against predation Norcantharidin (NCTD, Figure 1B ), a demethylated analogue of CTD, is well known as a strong inhibitor of protein serine/threonine phosphatases (PSPs) [19] , a broad class of PSPs associated with signaling and control of numerous cellular processes in many organisms [20] . The biological activities associated with NCTD are derived from its abilities to inhibit the family of PSPs. Furthermore, the catalytic domain of all PSP subfamilies is highly conserved in insects, plants, phytopathogenic fungi and all the other eukaryotes [21] . NCTD, as the strong inhibitor, binds to a hydrophobic pocket of the PSP active site [22] . The structural similarity between CTD and NCTD has been apparent to animal scientists and similar mechanisms of action on animals have been confirmed [23] . Previous studies by our group demonstrated that both in vivo and in vitro, there are significant inhibitory effects from CTD, NCTD and their analogues on PSPs of Plutella xylostella, suggesting that their modes of action may be related to impeding insect PSPs activity [24] . More recently, strong evidence indicates that the commercial herbicide mode of action of endothall, an analogue of NCTD, was intimately related to the inhibition of PSPs [25] .
Meanwhile, as illustrated in Figure 2 , our previous investigation on the structure-activity relationship (SAR) of NCTD and its anhydride modified derivatives against P. xylostella indicated that the structures of oxygen bridge and carboxyl were essential for the biological activity, and that the improvement of bioactivity required a reasonable R group, the combination of both aliphatic amide and aromatic amide moieties. And the type of substituent Y, substituted on the phenyl ring, was also critical for the improvement of insecticidal activity [26] . Norcantharidin (NCTD, Figure 1B ), a demethylated analogue of CTD, is well known as a strong inhibitor of protein serine/threonine phosphatases (PSPs) [19] , a broad class of PSPs associated with signaling and control of numerous cellular processes in many organisms [20] . The biological activities associated with NCTD are derived from its abilities to inhibit the family of PSPs. Furthermore, the catalytic domain of all PSP subfamilies is highly conserved in insects, plants, phytopathogenic fungi and all the other eukaryotes [21] . NCTD, as the strong inhibitor, binds to a hydrophobic pocket of the PSP active site [22] . The structural similarity between CTD and NCTD has been apparent to animal scientists and similar mechanisms of action on animals have been confirmed [23] . Previous studies by our group demonstrated that both in vivo and in vitro, there are significant inhibitory effects from CTD, NCTD and their analogues on PSPs of Plutella xylostella, suggesting that their modes of action may be related to impeding insect PSPs activity [24] . More recently, strong evidence indicates that the commercial herbicide mode of action of endothall, an analogue of NCTD, was intimately related to the inhibition of PSPs [25] .
Meanwhile, as illustrated in Figure 2 , our previous investigation on the structure-activity relationship (SAR) of NCTD and its anhydride modified derivatives against P. xylostella indicated that the structures of oxygen bridge and carboxyl were essential for the biological activity, and that the improvement of bioactivity required a reasonable R group, the combination of both aliphatic amide and aromatic amide moieties. And the type of substituent Y, substituted on the phenyl ring, was also critical for the improvement of insecticidal activity [26] .
Molecules 2015, 20, page-page 2 infection, and pesticides produced from insect secondary metabolites may result in less or slower resistance development and lower pollution [6] . Hence, insecticides of natural source have been considered as attractive alternatives to synthetic agrochemicals for pest management [7] . Bio-based insecticides, such as nereistoxin, nicotine, pyrethrum, and neem extracts, are made by organisms as defense against insects [8] .
Cantharidin (CTD, Figure 1A ), a naturally occurring terpene, is the main secondary metabolite isolated from the bodies of the blister beetles, including Mylabris cichorii, M. phalerata and Epicauta chinensis [9, 10] . Besides its use as the lead compound for the preparation of potent anticancer drugs, such as its analogues sodium cantharidinate and norcantharidin [11] [12] [13] [14] , CTD also shows interesting antifungal and insecticidal activities [15] [16] [17] [18] . Norcantharidin (NCTD, Figure 1B ), a demethylated analogue of CTD, is well known as a strong inhibitor of protein serine/threonine phosphatases (PSPs) [19] , a broad class of PSPs associated with signaling and control of numerous cellular processes in many organisms [20] . The biological activities associated with NCTD are derived from its abilities to inhibit the family of PSPs. Furthermore, the catalytic domain of all PSP subfamilies is highly conserved in insects, plants, phytopathogenic fungi and all the other eukaryotes [21] . NCTD, as the strong inhibitor, binds to a hydrophobic pocket of the PSP active site [22] . The structural similarity between CTD and NCTD has been apparent to animal scientists and similar mechanisms of action on animals have been confirmed [23] . Previous studies by our group demonstrated that both in vivo and in vitro, there are significant inhibitory effects from CTD, NCTD and their analogues on PSPs of Plutella xylostella, suggesting that their modes of action may be related to impeding insect PSPs activity [24] . More recently, strong evidence indicates that the commercial herbicide mode of action of endothall, an analogue of NCTD, was intimately related to the inhibition of PSPs [25] .
Meanwhile, as illustrated in Figure 2 , our previous investigation on the structure-activity relationship (SAR) of NCTD and its anhydride modified derivatives against P. xylostella indicated that the structures of oxygen bridge and carboxyl were essential for the biological activity, and that the improvement of bioactivity required a reasonable R group, the combination of both aliphatic amide and aromatic amide moieties. And the type of substituent Y, substituted on the phenyl ring, was also critical for the improvement of insecticidal activity [26] . To date, few attempts have been made to develop a biorational fungicide from NCTD via chemical modification. Encouraged by the abovementioned results and in continuation of our program aimed at the discovery and development of natural-product-based fungicidal agents, in this study, thirty six aromatic amine derivatives of NCTD modified in the anhydride ring were synthesized (Scheme 1), and their biological activities against eight phytopathogenic fungi were evaluated using the mycelium growth rate method [27] . Additionally, their preliminary SAR studies were also described. To date, few attempts have been made to develop a biorational fungicide from NCTD via chemical modification. Encouraged by the abovementioned results and in continuation of our program aimed at the discovery and development of natural-product-based fungicidal agents, in this study, thirty six aromatic amine derivatives of NCTD modified in the anhydride ring were synthesized (Scheme 1), and their biological activities against eight phytopathogenic fungi were evaluated using the mycelium growth rate method [27] . Additionally, their preliminary SAR studies were also described. 
Results and Discussion

Chemistry
As shown in Scheme 1, the target compounds II were synthesized by the aminolysis reaction of NCTD I and various halogen aromatic amines in the presence of triethylamine as the binding acid agent, and synthesized via decomposing the anhydride ring of NCTD I by a halogenated aniline with different electronegativity [28] .
Antifungal Activity
Preliminary in vitro screening results of the title compounds for antifungal activities against eight fungi at the concentration of 50 μg/mL are listed in Table 1 . 
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Chemistry
Antifungal Activity
Preliminary in vitro screening results of the title compounds for antifungal activities against eight fungi at the concentration of 50 µg/mL are listed in Table 1 . The results in Table 1 indicate that seven of the synthetic derivatives displayed significant activities (61.1%-100% inhibitory rate) against all eight tested fungi at a concentration of 50 µg/mL. On the contrary, another twenty nine derivatives showed lower activity at the same concentration. Here, the inhibition rates were for only given as IC 50 values for further comparison.
Encouraged by these preliminary findings, we planned further SAR studies on the title compounds. We determined their IC 50 values by the mycelial growth inhibitory rate method. As shown in Table 2 , the tested compounds presented different fungicidal activity against the eight plant pathogenic fungi, superior to the corresponding parent compound NCTD in some cases, and they were the same as or more active than thiabendazole (TBZ) against some of the tested fungi. Of these compounds, 3-(3 1 -chlorophenyl)carbamoyl norcantharidate II-8 exhibited the most significant activity on all the eight fungi. As illustrated in Figure 3 , compound II-8 showed much better activity than that of TBZ, NCTD and CTD. Notably, compound II-8 showed excellent antifungal properties against Sclerotinia fructigena and S. sclerotiorum, with IC 50 values of 0.88 and 0.97 µg/mL, respectively. The results in Table 1 indicate that seven of the synthetic derivatives displayed significant activities (61.1%-100% inhibitory rate) against all eight tested fungi at a concentration of 50 μg/mL. On the contrary, another twenty nine derivatives showed lower activity at the same concentration. Here, the inhibition rates were for only given as IC50 values for further comparison.
Encouraged by these preliminary findings, we planned further SAR studies on the title compounds. We determined their IC50 values by the mycelial growth inhibitory rate method. As shown in Table 2 , the tested compounds presented different fungicidal activity against the eight plant pathogenic fungi, superior to the corresponding parent compound NCTD in some cases, and they were the same as or more active than thiabendazole (TBZ) against some of the tested fungi. Of these compounds, 3-(3′-chlorophenyl)carbamoyl norcantharidate II-8 exhibited the most significant activity on all the eight fungi. As illustrated in Figure 3 , compound II-8 showed much better activity than that of TBZ, NCTD and CTD. Notably, compound II-8 showed excellent antifungal properties against Sclerotinia fructigena and S. sclerotiorum, with IC50 values of 0.88 and 0.97 μg/mL, respectively. 
SAR
Effect of Introducing the Benzene Ring on Fungistatic Activity
Illustrated in Table 2 , NCTD, without a benzene ring, exhibited low fungistatic activity at the concentration of 50 μg/mL against the tested strains. Introducing one benzene (2a) caused a significant increase in fungistatic activity against the plant-pathogenic fungi Table 2 , compared with the fungicidal activities of CTD against B. berengeriana and G. cingulate, the compound II-1 also showed almost 5-fold more fungistatic activity than CTD, respectively. On the contrary, the introduction of a heterocyclic ring gave us a negative contribution to fungistatic activity.
Effect of Position Substituted on the Benzene Ring on Fungistatic Activity
Substituting a halogen at the C-3′position of the benzene ring (i.e., compounds II-5, II-8 and II-11) improved the fungicidal activity in some cases. It was also clear that the site substituted on the phenyl ring plays an important role in activity, as compounds substituted at the C-4′ position (II-6, II-9 and II-12) and C-2′ position (II-4, II-7 and II-10) were all found to be less active than their analogues. 
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Effect of Introducing the Benzene Ring on Fungistatic Activity
Illustrated in Table 2 , NCTD, without a benzene ring, exhibited low fungistatic activity at the concentration of 50 µg/mL against the tested strains. Introducing one benzene (2a) caused a significant increase in fungistatic activity against the plant-pathogenic fungi Botryosphaeria berengeriana, S. fructigena, Glomerella cingulate, Alternaria alternate, S. sclerotiorum, A. solani and Cochliobolus sativum, with IC 50 values of 31.2568, 14.6778, 36.3526, 42.2537, 7.2482, 30.1335 and 22.7788 µg/mL, respectively. At the same time, as seen in Table 2 , compared with the fungicidal activities of CTD against B. berengeriana and G. cingulate, the compound II-1 also showed almost 5-fold more fungistatic activity than CTD, respectively. On the contrary, the introduction of a heterocyclic ring gave us a negative contribution to fungistatic activity.
Effect of Position Substituted on the Benzene Ring on Fungistatic Activity
Substituting a halogen at the C-3 1 position of the benzene ring (i.e., compounds II-5, II-8 and II-11) improved the fungicidal activity in some cases. It was also clear that the site substituted on the phenyl ring plays an important role in activity, as compounds substituted at the C-4 1 position (II-6, II-9 and II-12) and C-2 1 position (II-4, II-7 and II-10) were all found to be less active than their analogues. 
Effect of Various Substituents on the Benzene Ring on Fungistatic Activity
The presence of different halogen atoms on the benzene ring resulted in various effects on fungistatic activity against the eight fungi tested. As can be seen from Table 2 , at the C-3 1 position of the benzene ring, introduction of the chlorine atom (II-8) produced a more significant increase in the fungistatic activity against all eight fungi tested than introductions of a fluorine atom (II-5) or a bromine atom (II-11). In contrast, the introduction of an iodine atom on the benzene ring (II-14) resulted in a negative influence on fungistatic activity compared with compound II-1 with no substitution on the phenyl ring.
Compounds with substitutions of strongly electron-drawing (CN, compound II-22; NO 2 , compounds II-23, 24, 25) or electron-donating (CH 3 , compound II-2; CH 2 CH 3 , compound II-3; OCH 3 , compounds II-18, 19, 20) groups were found to have a poor antifungal activity. In order to draw firm conclusions about the significance of these data, compounds containing one phenyl ring substituted by two methoxy groups in different positions (compounds II-29, 30) were also tested, and showed the same poor activity. The nitro group was tested in other positions in combination with a methyl group (compound II-31), but only poor spectrum and antifungal activity were detected. Further aromatic groups were also evaluated. Compounds with the phenyl moiety replaced with several kinds of heterocycle produced relatively poor levels of antifungal activity compared to the corresponding compound II-1.
Experiment Section
General Information
Cantharidin (CTD, ě98%) was isolated from M. phalerata (Chinese blister beetle), bought from the Chinese herbal medicine market in Xian, China. Norcantharidin (NCTD, ě98%) was purchased from Alfa Aesar Chemical Co. Ltd., (Haverhill, MA, USA). Dimethyl sulfoxide (DMSO, ě99%) was obtained from J & K China Chemical Ltd. (Beijing, China). The fungicide thiabendazole (TBZ, ě99.1%) was purchased from Sigma-Aldrich Trading Co. Ltd. (Shanghai, China). All reagents and solvents were of reagent grade or purified according to standard methods before use. Analytical thin-layer chromatography (TLC) was performed with silica gel plates using silica gel 60 GF 254 (Qingdao Haiyang Chemical Co., Ltd., Qingdao, China). Silica gel column chromatography was performed with 200-300 mesh silica gel (Qingdao Haiyang Chemical Co., Ltd.).
Melting points were determined on a WRS-2 apparatus equipped with a microcomputer (Shanghai Precision & Scientific Instrument Co. Ltd., Shanghai, China) and are uncorrected. Proton nuclear magnetic resonance ( 1 H-NMR) spectra and carbon nuclear magnetic resonance ( 13 C-NMR) spectra were recorded at 500 and 125 MHz, respectively, on a Bruker Avance III 500 MHz NMR spectrometer (Karlsruhe, Germany) in DMSO-d 6 using tetramethylsilane (TMS) as the internal standard. High-resolution mass spectrometry (HRMS) was carried out using a Bruker micrOTOF focus II instrument.
Synthesis of the Title Compounds II(1-36)
To a solution of NCTD (1, 1.0 g, 5.95 mmol) dissolved in tetrahydrofuran (THF, 10 mL) accompanied by triethylamine (TEA, 0.5 mL) as the acid-binding agent was added the corresponding aromatic amine (1 equiv., 5.95 mmol). When the reaction was complete after 14 h as checked by TLC analysis, the solution was concentrated under reduced pressure and diluted with acetone (100 mL). The resulting filter cake was either recrystallized from methanol or purified by column chromatography (MeOH/CH 2 Cl 2 , 1: 4, v/v) to afford the desired products II (1-36). The yields, physical properties, 1 H-NMR, 13 C-NMR, and HRMS-ESI of the target compounds II were as follows: 70 (m, 4H, H-1, 2), 2.93-3.01 (m, 1H, H-4), 3.03-3.13 (m, 1H, H-5 15 (m, 1H, H-4 1 ), 7.23-7.43 (m,  2H, H-5 1 , 6 1 ), 7.81 (s, 1 H, H-2 1 ), 9.93 (s, 1H, H-9 ), 12.01 (s, 1H, H-10); 13 C-NMR δ: 28.89 (s, 1C, C-1),  29.44 (s, 1C, C-2), 52.20 (s, 1C, C-4), 53.84 (s, 1C, C-5), 77.38 (s, 1C, C-3), 79.03 (s, 1C, C-6), 117.97  (s, 1C, C-6 1 ), 119.17 (s, 1C, C-2 1 ), 123.09 (s, 1C, C-4 1 ), 130.75 (s, 1C, C-5 1 ), 133.44 (s, 1C, C-3 1 ), 141.18  (s, 1C, C-1 1 ), 170.21 (s, 1C, C-8 89 (s, 1C, C-1), 29.44 (s, 1C, C-2), 52.17 (s, 1C, C-4), 53.89  (s, 1C, C-5), 77.38 (s, 1C, C-3), 79.07 (s, 1C, C-6), 106.28 (s, 1C, C-4 1 ), 109.72 (s, 1C, C-2 1 ), 115.31 (s, 1C,  C-6 1 ), 130.62 (s, 1C, C-5 1 ), 141.46 (s, 1C, C-1 1 ), 161.65 (s, 1C, C-3 1 ), 170.19 (s, 1C, C-8 Based on the results of preliminary screening, the final stock solutions of the tested compounds dissolved in acetone were 100, 50, 25, 10, and 5 µg/mL. The medium was then poured into sterilized Petri dishes. All types of fungi were incubated in PDA at 25˘1˝C for 5 days to get new mycelium for the antifungal assays, and a mycelia disk of approximately 5 mm diameter cut-out from culture medium was picked up with a sterilized inoculation needle and inoculated in the center of the PDA Petri dishes with different concentrations of NCTD derivatives [29, 30] . The inoculated Petri dishes were incubated at 25˘1˝C for 4 days. The IC 50 (median inhibitory concentration) values of some compounds were determined, and the results are listed in Table 2 .
Conclusions
In summary, we have reported the synthesis of a series of NCTD derivatives with aromatic amine moieties as well as the ability of these compounds to inhibit the growth of eight fungal phytopathogens. Seven of these synthetic compounds presented significant fungistatic activities against all of the eight fungi, superior to the corresponding parent compound NCTD for some fungi, and in some cases they were the same as or more active than TBZ. Compound II-8 exhibited the most significant activity on all eight fungi, much better than TBZ, NCTD and CTD. In particular, II-8 showed excellent antifungal properties against S. fructigena and S. sclerotiorum, with IC 50 values of 0.88 and 0.97 µg/mL, respectively. SAR data for these compounds are as follows: (1) the benzene ring is critical for the improvement of the spectrum of antifungal activity and the inhibition of B. berengeriana, G. cingulate, A. alternate, S. sclerotiorum, A. solani and C. sativum (c.f. II-1 vs. norcantharidin and cantharidin); (2) among the three sites, including the C-2 1 , C-3 1 and C-4 1 positions of the phenyl ring, the presence of the halogen atom at the C-3 1 position of the phenyl ring caused the most significant increase in antifungal activity (II-5 vs. II-4 and II-6, II-8 vs. II-7 and II-9, II-11 vs. II-10 and II-12); (3) compounds with substitutions of strongly electron-drawing or electron-donating groups were found to have a poor antifungal activity; and (4) compared with fluorine, bromine and iodine, one chlorine atom substituted at C-3 1 position of the benzene ring gave the highest fungistatic activity (II-8 vs. II-5, II-11 and II-14). Taken together, the data demonstrated that compound II-8 possesses the most potent inhibitory activity toward the fungal plant pathogens tested in this study and could be a potential lead structure for further discovery of novel antifungal agrochemicals.
